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Thermal Conductance of Ballistic Point Contacts
Th. Bartsch, M. Schmidt, Ch. Heyn, and W. Hansen
Institut fu¨r Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung,
Jungiusstraße 11, D-20355 Hamburg, Germany
We study the thermal conductance of ballistic point contacts. These contacts are realized as
few nanometer long pillars in so called air-gap heterostructures (AGHs). The pillar length being
much smaller that the mean free path of the phonons up to room temperature. Due to the small
dimension and the low density of the pillars the thermal conductance of the AGHs is several orders
of magnitude reduced in comparison to bulk structures. The measurement results are in quantitative
agreement with a simple model that based on the Boltzmann transport equation.
PACS numbers: 65.80.-g, 66.70.Df, 85.80.Fi, 81.05.Ea
Recent studies established significant influences on the
thermal transport in solids by nanostructuring [1–6].
This opens the doorway for the realization of novel ther-
moelectric devices, where a low thermal conductance
is essential [2–10]. In particular, using nanostructur-
ing it is possible to scale the dimension of a solid to
a regime where the mean free path (mfp) of the heat
carrying phonons is larger than both the diameter and
the length of the structure of interest [1]. The associ-
ated thermal transport regime is named ballistic. So far
there are many theoretical studies of ballistic thermal-
transport [11–15], which all emanate from the Boltzmann
transport equation, but there are only few experimen-
tal data. Schwab et al. described experiments on sus-
pended microstructures [1], but in those experiments the
phonon mfp is only at very low temperatures lager than
the dimension of the structure. Furthermore, a kind of
ballistic thermal-transport was observed in superlattices
[12], since in the cross-plane direction the phonon mfp is
longer than the periodicity of the superlattice. However,
in the in-plane direction of the superlattices still phonon
scattering takes place. In Ref. [16] we have demon-
strated the fabrication of so called air-gap heterostruc-
tures (AGHs) that enable the preparation of pillars with
controlled length of a few nanometers. In the following,
we demonstrate that these pillars represent pure ballistic
thermal point contacts in a wide temperature range up
to room temperature.
The AGHs are composed of a 50 nm GaAs capping
layer that is supported by a number of nanopillars over
a GaAs substrate. Here we investigate nanopillars with
length of 4 nm and 6nm, respectively. A schematic draw-
ing of an AGH is shown in Fig. 1. The structures were
fabricated using molecular beam epitaxy (MBE) with a
combination of in situ local droplet etching (LDE) [17–21]
and ex situ selective chemical wet-etching of a sacrificial
layer. In the first MBE growth step an AlAs layer with
thickness of 4 nm or 6 nm was deposited on a (001) GaAs
substrate. This is followed by a Ga droplet etching step
inside the MBE growth chamber, which generates in a
self-organized fashion nanoholes deeper than the thick-
ness of the AlAs layer [17–21]. These holes were filled
by subsequent growth of a 50nm thick GaAs layer. Af-
ter removal of the sample from the MBE setup, a mesa
was fabricated as described below. Finally, the AlAs
layer was selectively removed by etching with a 5% solu-
tion of hydrofluoric acid, leaving the filled holes as GaAs
nanopillars. Because of the MBE fabrication, the pillars
are almost defect free and lattice matched to the sub-
strate. We note that the capping layer keeps the perfect
epitaxial relationship to the substrate crystal lattice. A
more detailed description of the preparation technique
and a verification that the capping layers are separated
from the substrate by the pillars was given in Ref [16].
The thermal conductance was measured using the 3ω
method. This method has been developed for measur-
ing the thermal conductance of bulk materials and thin
films [22–24]. A thin metal stripe on top of a specimen
is used as heater and temperature sensor simultaneously.
On our AGH samples we prepared a heater stripe with
1.6mm length and 15µm width by optical lithography
and evaporation deposition of 30 nm Au. Afterwards,
the semiconductor material aside from the heater was re-
moved to a depth of 100 nm in a wet-etching step using
the metal stripe as an etch mask. This prevents lateral
heat spreading in the structure and opens the AlAs sacri-
ficial layer for subsequent selective chemical wet-etching.
For 3ω measurements, a sinusoidal ac current with fre-
quency ω was driven through the heater. The generated
temperature oscillations induce a resistance oscillation at
frequency 2ω. Thus the voltage drop across the heater in-
cludes a component at the frequency 3ω. Measurements
of this 3ω voltage enables the determination of the tem-
perature rise ∆T and finally of the thermal conductance
of the material below the heater [22–24]. In the samples
studied here, the AGHs are treated as a thin film be-
FIG. 1. Scheme of the investigated structure.
2tween heater and substrate. Cahill et al. discussed such
an experimental situation [23, 24]. There it is assumed
that the magnitude of the temperature rise ∆T is the
sum of contributions from the film (∆Tf ) and the sub-
strate (∆Ts), if the film represents a significant thermal
resistance Rth [23, 24]:
∆T = ∆Tf +∆Ts. (1)
Below it will be described how the contribution ∆Tf can
be determined from the measured ∆T . Once ∆Tf is
known, the thermal conductance Kf of the film can be
calculated from the heating power P with the relation
∆Tf = RthIth =
P
Kf
. (2)
that is given by the general equation for a heat current Ith
[23]. Note that the right side of the equation is only valid
if the heat current Ith is equal to the power P impressed
by the heater, i.e., heat losses are neglected [23].
In previous publications, ∆Tf was determined with a
differential technique by measuring one sample with the
investigated film (∆T ) and a second reference sample
with a heater directly on the substrate (∆Ts) [23, 24]. In
our experimental approach we are able to execute both
measurements on the same sample. The first measure-
ment is performed before etching of the sacrificial AlAs
layer and the second afterwards. The temperature rise on
the unetched sample is expected to be equal to the tem-
perature rise ∆Ts on a GaAs substrate, since the specific
thermal resistance of the thin AlAs is nearly identical
compared to the substrate. To verify this we performed
measurements on the unetched sample and an intrinsic
GaAs substrate, which exhibit no significant differences.
In the next step, after determining ∆Ts on the unetched
sample, we selectively etched the AlAs to uncover the
pillars. Now the 3ω measurements were repeated to de-
termine ∆T . Figure 2 shows exemplarily, how the etching
influences the temperature rise. As expected, ∆T is sig-
nificantly larger after etching. We associate the difference
∆Tf to the higher thermal resistance of the AGHs after
etching. The slopes of the temperature rises ∆T and ∆Ts
are nearly equal. This is expected and indicates that the
slopes are not affected by the presence of the film be-
low the heater, i.e., the slope is just influenced by the
substrate [23, 24]. Using the relation between the slope
and the thermal conductivity of the substrate established
by Cahill et al. in Ref. [22], we determined the thermal
conductivity of the substrate. The results are in good
agreement with the literature values for GaAs thermal
conductivity [25, 26]. This indicates that the 3ωmethod
is applicable to the AGH samples studied here.
We determined the thermal conductance of the pillar
ensembles in the AGHs in the temperature range between
20K and 300K with eq. (2) from the measured 3ω data.
The spreading of our data at comparable conditions is
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FIG. 2. Temperature rise as function of frequency determined
from 3ω measurements at T=300K on an AGH sample with
6 nm long pillars. The black line represents the measurement
before and the red line after selective removal of the AlAs
layer.
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FIG. 3. Thermal conductance of two AGH samples and a
GaAs bulk structure (black squares) calculated as reference
as described in the text. The red points correspond to an
AGH with 4 nm long pillars and the blue triangle to an AGH
with 6 nm long pillars. The size of the symbols is equal to the
error bars in the logarithmic plot.
less than 15%, which is smaller than the error of 20% es-
timated by Borca-Tasciuc et al. [24] for 3ω measurements
on thin films by using the differential technique with two
samples. Figure 3 presents conductances of AGHs with
4 nm and 6nm long pillars. Clearly visible is an increase
of the thermal conductance of the AGHs with increas-
ing temperature. For temperatures higher than 150K,
the measured values saturate. In average the thermal
conductance of the 4 nm AGH is 1.75 times higher than
that of the 6 nm AGH. For comparison, we calculate the
thermal conductance of GaAs bulk material with dimen-
sions of the air gaps. Therefor we neglected any surface
effects, i.e., we just multiplied the thermal conductivity
3of the substrate by the area of the heater and divided
it by the average length of 5 nm. A comparison of the
thermal conductance of AGHs and GaAs bulk is shown
in Fig. 3. It establishes firstly that the thermal conduc-
tance of the AGHs is orders of magnitude smaller and
secondly that the slope of the temperature dependence is
inversed. From these results, we conclude that the ther-
mal conductance of the AGHs is determined by different
mechanisms compared to the bulk material
To understand the measured thermal conductances of
the AGHs we assume a simple model, in which the ther-
mal conductance is mainly determined by phonon trans-
port through the pillars. At T=300K the mfp of the
phonons in GaAs is 145.3nm [12]. Since the pillars are
much shorter than the mfp, we assume that the phonon
current through the pillars is not influenced by phonon
scattering but instead it is determined by the probability
that a phonon passes through the pillars. This scenario
is analogous to a current of gas molecules that passes
through a hole in a containment or to ballistic electrons
passing a Sharvin-point contact [27]. Thus, in our model
each pillar represents a thermal point contact that con-
nects two half spaces with a phonon gas. In each half
space, the phonon gas is in equilibrium at a certain tem-
perature. This assumption is reasonable, because the
thermal conductances of the capping layer and the sub-
strate are orders of magnitude larger compared to the air
gap. The heat current Ith through a single pillar is given
by the Boltzmann transport equation [11–15]
Ith = A
3∑
p=1
∫ kmax
k=0
1
(2pi)3
[f(k, Th)− f(k, Tc)]
·~ωp(k)vp(k) cos(θ)d
3k,
(3)
where A is the cross sectional area of the pillar, k is the
wave number of the phonons, f(k, T ) is the Bose-Einstein
distribution at temperatures Th and Tc of the hot and
cold half space, respectively. The phonon energy is ~ωp
and vp cos(θ) is the phonon group velocity component
in the direction of the heat current. The sum considers
three phonon polarizations p, one longitudinal and two
transversal acoustic phonon modes. The optical phonon
modes are neglected, because of their low velocities and
high activation energies [12]. To simplify the integral in
eq. (3), we approximate the dispersion relation for the
fcc-GaAs crystal in (001) direction by
ωp(k) = ω
max
p sin
(
ka
4
)
, (4)
with the lattice constant a and the maximum phonon
frequency ωmaxp . The values of ω
max
p are taken from
Ref. [28]. Using eq. (2) and substituting xp = ~ωp/kBT
we finally get
Kpillar =
Ith
∆T
=
2
pi2
k2BT
~
A
a2
3∑
p=1
∫ xmax
p
xp=0
[arcsin(xp/x
max
p )]
2
x2pe
xp
(exp − 1)2
dxp,
(5)
for the thermal conductance of a single pillar. To solve
this equation the cross sectional area A of the pillars is
required. Moreover, since we measure the thermal con-
ductance of an ensemble of pillars, the pillar density is
needed to quantitatively compare the model results with
the measurements.
Due to the fabrication method the structural parame-
ters of the pillars are determined by the initial nanoholes.
So far, measurements on AlAs surfaces are not avail-
able, which is due to the very fast oxidation of the
highly reactive AlAs under air [17]. Therefore, we esti-
mate the structural parameters of the pillars from atomic
force microscopy (AFM) of nanoholes created by LDE in
Al0.35Ga0.65As and GaAs surfaces. In previous publica-
tions the total hole density was of about 2µm−2 [18] and
the average diameter was 100nm [19, 20]. The AFM data
show in addition a broad hole depth-distribution with a
high density of holes with depth between 4 nm and 6 nm
[21]. Those holes contribute to the density of the pillars
in the 4 nm AGH sample but not to the 6 nm AGH. This
qualitatively explains the different thermal conductances
measured here for 4 nm and 6 nm AGH samples. While
in perfect ballistic point contacts a pillar length indepen-
dent conduction is expected, our raw data show slightly
different conductions, which we attribute to the differ-
ent densities of participating pillars as describe above.
Due to the uncertainties of the hole densities and depth
distribution on AlAs, we consider the respective pillars
densities in 4 nm and 6nm AGH as fitting parameter,
while we take the diameter fix on 100 nm, to compare
the measurements with the model. We obtain best agree-
ment using a density of 6.4µm−2 for the 4 nm long and
of 3.75µm−2 for the 6 nm long pillars. The results are
shown in Fig. 4. The higher pillar densities determined
here is probably related to a reduced coefficient for sur-
face diffusion of Ga droplets on AlAs surfaces in com-
parison to Al0.35Ga0.65As and GaAs surfaces and a thus
increased hole density. The very good agreement between
model results and experimental data indicates that the
thermal conductance of the AGHs is dominated by the
proposed mechanism of ballistic heat transport through
the pillars.
The key result that the insertion of an air gap with
low density nanopillars reduces thermal conductance by
up to five orders of magnitude, may pave the way to
novel thermoelectric devices with large efficiencies [2–
10]. Because of the adjustable small gap sizes and the
epitaxial relationship between capping layer and sub-
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FIG. 4. Thermal conductance of a single pillar. The full line
is calculated according to the model eq. (5), assuming a pillar
diameter of 100 nm. As described in the text, the points are
calculated from the data in Fig. 3 assuming slightly different
pillar densities for AGHs with 4 nm and 6 nm long pillars,
respectively.
strate the AGHs are probably useful for investigations
of thermionic effects [9, 10]. Interestingly, the thermal
conductance through a single pillar is even up to three
orders of magnitude reduced in comparison to a structure
with the pillar size but with the specific thermal conduc-
tivity of GaAs bulk material. Thus the pillars by their
own are interesting for thermoelectric investigations [2].
In conclusion, we have measured the thermal conduc-
tance of short GaAs nanopillars. The lengths of the pil-
lars are well below the phonon mfp up to room tem-
perature. A simple model of ballistic thermal trans-
port through point contacts was introduced to explain
the experimental results. The model exhibits very good
qualitative agreement with the experimental conductance
data. The agreement is also quantitatively good, if we as-
sume pillar diameters and densities that are in the range
of earlier measurements. This supports our approach of
ballistic thermal transport in the pillars. Furthermore,
the observed thermal conductances are orders of mag-
nitude smaller than in comparable structures with spe-
cific thermal conductivity of GaAs bulk material. Based
on this reduction, the AGHs may open the doorway for
new thermoelectric devices with enhanced efficiencies [2–
10]. Electrical transport studies through doped pillars
are pending for thermo-power studies.
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